Introduction
Schiff-bases (SB) constitute one of the oldest chelator classes in inorganic chemistry and continue to receive considerable attention. One active research area is the binding of Group 13 elements to SBs affording 5-coordinate species where bonding occurs through classical N 2 O 2 ligation [1] . Analogously, we have been interested in assessing the extent to which steric factors of the Schiff-base, as well as those of other ligands bound to the metal (typically monodentate monoanions) can influence catalysis [1] . Previously, our focus concentrated on modifying the frontal, "saturated" SB steric bulk, and now we sought to include direct comparisons of linker length ( Figure 1 ). Indeed, much of the resurgence associated with similar complexes is attributable to their activity in numerous catalytic cycles and relativity low envirotoxicity (for Al 3+ ) [2] . Particularly relevant is the use of aluminum centers with aromatic Salen-type ligands for the polymerization of biodegradable and biocompatible polymers, such as those derived from lactones, lactides, carbon dioxide and epoxides, and other renewable resources [3] , [4] [5] [6] [7] . Recent reviews by Atwood [1] and Lewinski and Zachara [8] serve as testament to the burgeoning activity in this area. In our hands we, for the first time, wanted to evaluate "saturated" SB Al 3+ complexes for the polymerization of racemic lactide. The advantages of these complexes would be the lack of aromaticity and tunable peripheral steric bulk, both precluding the possibility of oligomerization in the solution and solid-state species [9] .
Our secondary interest in these Group 13 complexes stems from their utility as benchmarks to isoelectronic five-coordinate rare earth Schiff-base complexes [9] . The present study was also designed to compare Al 3+ structural features and activities with those of these heavier congeners. To this end, we synthesized a new ligand (bis-5,5′-(1,3-ethanediyldiimino)-2,2-dimethyl-4-hexene-3-one, (1) and two, five-coordinate metal complexes (2 and 3) exploiting in situ deprotonation reactions. Marked structural differences exist between 2 and 3 and amongst their square pyramidal rare earth counterparts. The Al 3+ coordination polyhedron is rigorously trigonal bipyramidal in 3 and distorted trigonal pyramidal in 2; this difference is due at least in part to the Schiff-base ethylene spacer in 2 that is less flexible than the propylene spacer in 3.
Experimental

Materials and methods
Standard Schlenk techniques and a Vacuum Atmospheres N 2 -filled glovebox were used throughout the isolation and handling of all aluminum complexes. 1,2-diaminoethane (Acros), absolute ethanol (EtOH, Pharmco), Et 3 Al solution (Aldrich) and benzene (C 6 H 6 ) were used as received whereas alkali earth bis(trimethy lsilyl)amides (Gelest) and rac-lactide were first purified by double sublimation at ~10 −5 Torr. 2,2-Dimethyl-3,5-hexanedione [10] and bis-5,5′-(1,3-propanediyldiimino)-2,2-dimethyl-4-hexene-3-one [9] were synthesized using literature methods. Toluene (C 7 H 8 ) and deuterated benzene (C 6 D 6 ) with sodium metal and pentane (C 5 H 12 , CaH 2 ) were dried and distilled immediately before use. Polymerization reactions followed Nomura's procedure [6] , and dry MeOH was added to activate the catalysts. 1 H and 13 C NMR were recorded on a GE 300 MHz ( 1 H) and processed using NUTS software. The solid-state molecular structures of 2 and 3 were determined by single crystal X-ray diffraction at Wake Forest University (Table 1) and elemental analyses were performed at Midwest Microlabs (Indianapolis, IN). Melting points were determined using a modified Mel-Temp II with digital thermocouple readouts and are uncorrected.
Synthesis of bis-5,5′-(1,3-ethanediyldiimino)-2,2-dimethyl-4-hexene-3-one (1)
Under ambient conditions, to a 250 mL 24/40 1-neck round bottom flask charged with 50 mL EtOH and 17.3 g (122 mmol) 2,2-dimethyl-3,5-hexanedione was added 3.7 g (61 mmol) 1,3-diaminoethane in 35 mL EtOH dropwise over 30 minutes. Following this, a condenser replaced the 125 mL addition funnel and the reaction heated at reflux overnight, after which time it was diluted with 100 mL dH 2 
Bis-5,5′-(1,3-ethanediyldiimino)-2,2-dimethyl-4-hexene-3-onato aluminum bis(trimethylsilyl)amino (2)
Bis-5,5′-(1,3-propanediyldiimino)-2,2-dimethyl-4-hexene-3-onato ethylaluminum (3)
4.75 mL of 1.0 M AlEt 3 (4.75 mmol) was slowly added, via a syringe, to a 100 mL Schlenk flask containing a solution of 1.54 g (4.77 mmol) 1 in 35 mL dry C 7 H 8 . Addition of AlEt 3 caused the reaction to become yellow and evolve ethane gas. After stirring (~5 min) the solution returned to colorless. The reaction was heated at reflux overnight and solvent removed in vacuo to afford an off-white solid. The product crystallized from C 5 
Polymeriation of racemic lactide
Two 25 mL Schlenk flasks under N 2 were each charged with 720 mg (5.0 mmol) rac-lactide, 10 mL toluene, and a stir bar. To one, 0.2 mL of MeOH was added and both flasks heated to 70 °C until the rac-lactide dissolved. Following this 0.0188 g (0.05 mmol) of 3 was added to each as a 0.05 M toluene solution. The reaction flasks remained immersed in an oil bath heated to 70 °C and polymerization progress monitored by 1 H NMR. Near completion (~90% conversion by disappearance of monomer) each flask containing polymer and catalyst were precipitated and quenched with MeOH, respectively and dried in vacuo.
Results and discussion
Ligands
Organic 1 originates from a non-commercial diketone and the large frontal t Bu groups afford only one of three possible structural isomers following the Schiff-base condensation. A noteworthy and requisite ketoiminate purification step is a benzene azeotrope to remove all spurious H 2 O (the reaction byproduct), as anhydrous starting materials are essential or metallation will fail. Overall, ligand choice was predicated by our previous successes in isolating and structurally characterizing anhydrous, 5-coordinate Schiff-base lanthanide (III) complexes that all exhibited mononuclear, slightly distorted square pyramidal metal coordination geometry (vide supra). Since the metal coordination in (C 2 H 5 )Al(sal 2 en) was reported to also be distorted square-pyramidal [1] , we (incorrectly) anticipated a distorted square-pyramidal coordination for the Al 3+ ion in 2 and 3 [12] . With the ligand set in 2 being nearly identical to that in some of our earlier studies with lanthanide(III) complexes, a structural characterization of 2 would allow us to assess the effects of reducing metal size on coordination geometry. Structural comparisons of 2 with 3, would also allow us to explore the extent to which changes in steric factors of the ligand set can effect metal coordination geometry: The SB in 3 has one more methylene group and the terminally-bonded ligand is considerably less bulky.
Complexes
Al 3+ introduction occurs using commercial Et 3 Al solution or Al(N[TMS] 2 ) 3 [13] , the latter was synthesized and purified using literature preparations [11] . Addition of either to a heptane solution of the protio Schiff-base briefly causes a light-yellow color and then the reactions return to their transparent, colorless appearance. With Et 3 Al, evolution of C 2 H 6 is rapid and obvious (as evidenced by bubbling of the isolated the Schlenk N 2 bubbler), whereas for bulkier Al(N[TMS] 2 ) 3 steric factors slow the acid-base reaction. To assure completion, both Torr. There is no spectroscopic (NMR) or structural evidence to support complex dimerization or oligomerization [1, 2] , and the lack of ligand aromaticity promotes the formation of mononuclear species in both solution and the solid-state [14] [15] [16] , although fluxional behavior is suggested by the methylene proton splittings. The X-ray diffraction-derived molecular structures of 2 and 3 are shown in Figure 2 . Both compounds contain a 5-coordinate Al 3+ ion that is terminallybonded to a monoanion and complexed to all four donor atoms of an N 2 O 2 Schiff-base (Table 2) . While the bis(trimethylsilyl)amino monoanion [16] in 2 is considerably bulkier than the ethyl monoanion in 3, the ethylene bridged Schiff-base in 2 is slightly more compact and more restricted than the propylene-bridged N 2 O 2 Schiff-base of 3. The Al 3+ coordination geometry in both complexes is best described as trigonal bipyramidal with a distorted polyhedron (τ = 0.65) in 2 and a nearly ideal polyhedron (τ = 1.00) in 3 [12] . Axial atoms O (1) and N(2) subtend angles of 162.4(1)° and 173.6(1)° in 2 and 3, respectively. The less ideal trigonal bipyramidal coordination geometry in 2 probably results from the smaller "bite" angle and increased rigidity attributable to its ethylene spacer as well as the increased bulk of its terminally-bonded anion when compared to 3. This anion Al-N(3) bond length of 1.86 Å is one of the shortest "apical" bond lengths amongst this class of compounds, and more closely resemble that of the hindered organometallic imido Cp*AlNSiPh 3 [1] and [17] . The wrapping pattern adopted by the Schiff-base in both complexes is the one expected: it spans 3 contiguous polyhedral edges that would ideally subtend a 90° angle at the metal. Furthermore, the SB Al-O and Al-N distances in 2 and 3 all exhibit the sterically-anticipated trigonal-bipyramidal trend of longer bonds to axial ligands than to equatorial ligands. Interestingly, these differences in SB Al-O and Al-N distances are considerably larger for the nearly ideal 3 (0.066-0.106 Å) than the more distorted 2 (0.029-0.031 Å). The C-C bond lengths within the ketoiminato
suggest more enolic character [3] with the primary resonance structure favoring the harder oxygen atoms upon chelation in both complexes. The remaining C-O, C-N and C-C bond lengths in 2 and 3 are unremarkable.
While complex 2 contains a terminally-bonded bis(trimethylsilyl)amido group and an ethylene-bridged Schiff-base, organometallic complex 3 has a terminallybonded ethyl group and a propyl-bridged Schiff-base [1, 16] . The equatorial plane has a slight deformation [12] with C(21) canted from an idealized N 2 O 2 normal although equally centered between N(2) and O(1). It resides forward toward O(2) and the C(21)-Al-O(2) and Figure 2 . X-ray diffraction-derived molecular structures of 2 and 3 and each coordination environment superposed. Relevant bond lengths and angles can be found in Table 2 and discussions throughout the text. Hydrogen atoms were removed for clarity and thermal ellipsoids are at 30% probability. C(21)-Al-N(1) angles are 119.9 ° and 126.9 °, respectively. This distortion is most likely due to the frontal steric constraints forming an unsymmetric pocket above one of the t Bu groups and removal of the eclipsed hydrogen conformation along the methylenes of the larger C 3 linker [1] . This C 3 backbone of the propyl bridge in 3 forms a six-membered chelate ring, Al-N(1)-C(6)-C(7)-C(8)-N (2), that adopts the boat conformation. Figure 2 also shows a superposition of 2 and 3. The labeled atoms from the ketoiminato halves, the coordinated atoms from the monodentate ligands, and the exocyclic carbons have an rms deviation of 0.283 Å and a maximum deviation of 0.482 Å. One of the Schiff-base t Bu groups in each molecule also superimposes quite closely. The regions where the two Schiff-bases in 2 and 3 do not superimpose are near the linker groups and the second t Bu group which is rotated about the C(1)-C(2) bond in 2 relative to 3. Although the ligand set in 2 is virtually identical (with the exception of one less methylene group in the linker) to that for the earlier trivalent lanthanide complexes [9] , the ionic radius of 5-coordinate Al 3+ is smaller. The net result of replacing a trivalent lanthanide ion with the smaller Al 3+ ion is therefore to "pull" all of the ligands radially toward the central metal ion. This produces shorter intraligand contacts unless the relative orientations of the ligands change. A minor reorientation (linked-ligand Berry pseudo-rotation) of the square-pyramidal lanthanide amido/Schiff-base ligand set would give distorted trigonal bipyramidal Al 3+ coordination in 2 with shorter metal-ligand distances. Lactide polymerizations to produce polylactic acid (pLA) are an intensely active area within green chemistry. Inspired by Nomura and others using Al Salen complexes [4] [5] [6] [7] we began evaluating our "saturated" complexes as polymerization catalysts for this biocompatible material. Initially, 2 and 3 were used to initiate polymerization, however no activity was observed with 2 and only modest turnovers with 3. Furthermore, polymers derived from 3 exhibited low molecular weights, broad polydispersities, and no stereocontrol. Following these efforts, and anticipating that the apical ligand and metal center were too encumbered with peripheral steric bulk to allow monomer insertion, we began activating the Al Schiff-base complexes with methanol and benzyl alcohol. Although our efforts are only beginning, using the aforementioned systems (with various loadings) we have recovered atactic pLA with molecular weight control (up to 20,000 Da) and monomodal polydispersities (<1.3). Currently, we are optimizing reaction conditions, performing more detailed mechanistic studies, and attempting to control tacticity [6] .
Conclusions
This report presents our initial results on a new organic Schiff-base (1) and the molecular structures of two new Al 3+ complexes bearing "saturated" Schiff-bases (2 and 3). Unlike the square pyramidal geometry of their isoelectronic rare earth congeners, both aluminum complexes adopt ideal and slightly distorted trigonal bipyramidal coordination environments. Initial polymerization results with either the terminal ethyl or bis(trimethylsilyl)amino ligand failed; however, activation with trace MeOH yielded biodegradable polymers with some control over both molecular weights and polydispersity.
